Purpose: To determine the sensitivity of portal venous phase contrast-enhanced CT for the detection of renal stones. Methods: This retrospective study included 97 CT examinations of the abdomen without and with intravenous contrast, including 85 (87.6%) examinations with at least one renal stone on the ''gold standard'' noncontrast images, as scored by a single radiologist. Three other radiologists each independently reviewed only the contrast-enhanced images from all 97 examinations and recorded all renal stones. Reviewer sensitivity for stones was categorized by stone diameter. Reviewer sensitivity and specificity for stone disease were also calculated on a per-kidney basis. Results: The 97 cases included a total of 238 stones ‡1 mm, with a mean (±SD) of 1.2 ± 1.9 stones per kidney and a stone diameter of 3.5 ± 3.0 mm. Pooling data for the three reviewers, sensitivity for all stones was 81%; sensitivity for stones ‡2, ‡3, ‡4, and ‡5 mm was 88%, 95%, 99%, and 98%, respectively. Sensitivity for stone disease on a per-kidney basis was 94% when considering all stones; when considering only stones ‡2, ‡3, and ‡4 mm, sensitivity was 96%, 99%, and 100%, respectively. Specificity for stone disease on a per-kidney basis was 98% overall, 99% when considering only stones ‡2 mm, and 100% when considering only stones ‡3 mm. Conclusion: Contrast-enhanced CT is highly sensitive for the detection of renal stones ‡3 mm in diameter and less sensitive for smaller stones. In cases where the clinical diagnosis is uncertain and performance of a CT examination is being contemplated, intravenous contrast utilization would allow assessment for stone disease while also optimizing evaluation for other conditions.
Contrast-enhanced CT is similar to unenhanced CT in demonstrating signs of urinary tract obstruction such as hydronephrosis and perinephric stranding, while often increasing sensitivity for mild obstruction by revealing an asymmetric delayed nephrogram on the side of obstruction [10, 11] . However, while ureteral stones are well outlined by the ureteral wall and periureteral fat [12, 13] , it is conceivable that stones within the renal collecting system may be obscured on contrast-enhanced CT due to the surrounding enhancing renal parenchyma during the portal venous/late corticomedullary phase. Nevertheless, in our experience, even small renal stones are often seen on contrast-enhanced CT. Although controversial, many studies have shown that these seemingly incidental nonobstructing stones may be clinically relevant as a potential etiology of chronic or recurrent flank pain [14] [15] [16] [17] [18] [19] [20] [21] . As such, our aim was to determine the sensitivity of portal venous phase contrast-enhanced CT for the detection of stones within the renal calyces and pelvis.
Materials and methods
Institutional review board approval was obtained for this HIPAA compliant study. The picture archiving and communication system (PACS) was searched for 85 consecutive cases of CT of the abdomen and pelvis performed without and with IV contrast between August 2010 and September 2012 meeting the following criteria: there was at least one stone measuring greater than or equal to 1 mm in diameter in either kidney, noncontrast images and portal venous phase postcontrast images (defined as contrast enhancement within the portal vein) were available, 2.5-mm-thick axial images were available for both series of images, and there was no prior partial nephrectomy (which may result in high density foci within the kidney attributable to surgical material). In order to limit potential reviewer bias [22] , additional 12 cases obtained in the course of this search without renal stones were added to the group for a total of 97 cases. All CTs were performed using one of three GE LightSpeed VCT 64-slice scanners (General Electric Healthcare, Milwaukee, WI). Six of the cases meeting criteria were also found to have ureteral stones; these stones were excluded, as the focus of this study was limited to renal (calyceal or pelvic) stones.
Noncontrast images from each case served as our reference standard. They were reviewed by one author (MHS) and the location, size, and maximum Hounsfield unit (HU) attenuation value of each stone were recorded. For a calcification to be recorded as a stone, it was required to measure at least 1 mm in axial diameter and to not be typical of another type of calcification such as vascular calcification. This reviewer had access to all planes of imaging as well as the contrast-enhanced series in order to aid in the determination of the presence of stones and to distinguish them from vascular calcification, when relevant. Three other reviewers (RJD, DRD, and MS), each board certified in diagnostic radiology and fellowship trained in abdominal imaging, independently reviewed portal venous phase images from each case while blinded to the noncontrast images. Reviewers were informed that not all the examinations would include stones. Reviewers were unaware of any clinical history or results of prior imaging examinations. The location of each identified stone (i.e., right or left kidney, and image number) and its largest axial diameter were recorded. The reviewers could refer to reconstructed coronal images, but only to confirm the presence of a stone seen on the axial images. Routine use of coronal images was not required and would not be expected to increase sensitivity, especially considering that the 2.5-mm-thick axial images were thinner than the 3-mm-thick coronal images [23] .
Descriptive statistics were calculated using Microsoft Excel. Other statistical analyses were performed using SPSS for Windows, Version 20 (SPSS, Inc., Chicago, IL, USA).
Spearman rank correlation test was used to test correlation between stone size and stone attenuation values. Analyses of stone detection by the reviewers were performed using five stone size categories: all stones, stones greater than or equal to 2 mm in diameter, stones greater than or equal to 3 mm in diameter, stones greater than or equal to 4 mm in diameter, and stones greater than or equal to 5 mm in diameter. On a per stone basis, Cohen's kappa between each of the three reviewers was calculated. Strength of agreement was determined using the categories of Landis and Koch [24, 25] . For each reviewer, sensitivity for stone detection was calculated for each of the size categories. Specificity could not be calculated due to lack of a valid ''true negative'' category. Images recorded as containing a stone were categorized as false positives when no stone was present on the corresponding noncontrast images. Mean diameters of undetected and false-positive stones were calculated.
For each reviewer, sensitivity and specificity for stone disease on a per-kidney basis were also calculated for each of the size categories. For the purposes of this analysis, the following definitions were used: true positive = correctly detecting any stone in the kidney, true negative = correctly scoring the kidney as having no stones, false positive = recording a stone in a kidney where there was no stone in the entire kidney, and false negative = scoring a kidney as having no stones when there was indeed at least one stone.
Results
Based on review of noncontrast images, the 97 cases contained a total of 238 stones. Characteristics of the cases are detailed in Table 1 and a histogram of stone sizes is shown in Fig. 1 . There was a mean (±SD) of 2.5 ± 3.2 stones per patient, with a range of 0-16. There was a mean (±SD) of 1.2 ± 1.9 stones per kidney, with a range of 0-11. Maximum stone attenuation values ranged from 114 to 1575 HU with a mean (±SD) of 549 ± 373 HU. Stone diameter ranged from 1 to 25 mm with a mean (±SD) of 3.5 ± 3.0 mm. Spearman rank correlation testing the relationship between stone size and attenuation value demonstrated a strong correlation, with a rho of 0.73. Due to this correlation and the generally more important clinical usefulness of stone size [1, 26, 27] , subsequent analyses were performed using categories based on size rather than attenuation value.
The 97 cases were reviewed independently by the three reviewers over multiple reading sessions. The kappa values between each of the three reviewers for each of the stone size categories are tabulated in Table 2 . Sensitivities for each reviewer, separated by size category, are tabulated in Table 3 . Sensitivities and specificities for stone disease on a per-kidney basis are tabulated in Table 4 for each reviewer and size category.
For the three reviewers, there was a combined total of 135 stones which were not detected, out of a maximum combined total of 714 stones. The mean diameter (±SD) of these undetected stones was 2.1 ± 0.75 mm with a range of 1-5 mm. Figure 2 provides an example of a 3-mm stone that was not detected on postcontrast images by one of the three reviewers. There was also a combined total of 10 false-positive stones, with a mean recorded diameter (±SD) of 1.5 ± 0.66 mm and a range of 1-2.9 mm.
Discussion
It has become a standard practice in today's ED for CTs to be performed without intravenous contrast when urinary tract stone disease is a major consideration. While supported by the ACR Appropriateness Criteria, this strategy has a major practical disadvantage in that the symptoms of the majority of these patients are not actually due to stone disease, but rather to a different urinary tract or non-urinary tract condition which may clinically mimic stone disease [3, [5] [6] [7] [8] 28] . The lack of intravenous contrast in these cases may decrease the sensitivity or degree of confidence for various diagnoses. For example, in cases where there is perinephric stranding without a stone or ureteral dilatation, contrast would be very useful to differentiate between a passed stone and other pathology such as pyelonephritis, renal infarct, or renal vein thrombosis [6, 7, [28] [29] [30] . Neoplasms such as renal cell or urothelial carcinoma, which may be subtle or occult on noncontrast CT [31] , can also present with flank pain and hematuria and initially may be mistaken for stone disease [28] . The diagnosis of many gynecologic, gastrointestinal, pancreaticobiliary, and vascular conditions which may clinically mimic renal colic would also benefit from the administration of intravenous contrast [28] . Furthermore, there is no literature to support the dogma that intravenous contrast would limit the evaluation of stone disease. In fact, intravenous contrast may actually help by revealing a delayed nephrogram due to urinary tract obstruction [10, 11] . Excretory phase images can also help in the distinction between a ureteral stone and a phlebolith, as recommended by the ACR Appropriateness Criteria for uncertain cases [1, 4, 32] .
In our sample, the overall sensitivity for all renal stones on contrast-enhanced CT was 81%. As would be expected, sensitivity generally correlated positively with size, with a sensitivity of 95% for stones measuring at least 3 mm in diameter, and 99% for stones with a diameter of at least 4 mm. (Note that overall sensitivity for stones at least 5 mm in diameter was slightly lower at 98%, which was due to the impact of one reviewer's failure to detect two 5-mm stones within a single kidney. This was likely a recording error, considering that the kidney referred to contained a total of 9 stones.) Sensitivity for smaller stones was much lower, at 72% for stones <3 mm in diameter and 61% for stones <2 mm in diameter.
Overall sensitivity for stone disease on a per-kidney basis was higher, at 94% for all stones, 99% for stones measuring at least 3 mm in diameter, and 100% once stone diameter reached 4 mm. The overall higher sensitivity reflects the fact that kidneys afflicted by nephrolithiasis often contain multiple stones, increasing the likelihood that at least one stone would be detected.
As manifested by the much lower sensitivities of the <2 and <3 mm stone categories, most of the undetected stones in our series were relatively small, with a mean diameter of 2.1 mm. However, many very small stones could still be detected on the contrast-enhanced images. Figure 3 provides an example of one such stone.
Overall specificity for stone disease on a per-kidney basis was also very high at 98% for all stones and 100% for stones greater than 3 mm in diameter. Ten falsepositive stones, all of which were recorded at less than 3 mm in diameter, may in some cases have corresponded to foci of vascular enhancement mistaken for tiny stones.
The clinical relevance of non-obstructing stones is subject to ongoing debate [14] . While some may dismiss these stones as incidental findings; many studies have shown that these stones can be a cause of symptoms, often chronic and resulting in multiple ED visits and CT scans, with relief of pain after treatment [14] [15] [16] [17] [18] [19] [20] [21] . It has been theorized that small seemingly non-obstructing renal stones may cause symptoms due to mucosal irritation, intermittent calyceal obstruction, or obstruction of the collecting ducts in the case of papillary stones [21] . In the absence of another explanation for a patient's symptoms, such stones should be considered possibly significant and urologic consultation may be warranted.
There are other instances when the ability to detect non-obstructing renal stones may hold clinical significance. For example, when a passed ureteral stone is a consideration for a patient's symptoms, the detection of a renal stone would lend support to a stone-related etiology over other possible causes such as urinary tract infection or neoplasm [33] . In other cases, renal stones may be inherently significant as a marker of metabolic disease, potentially even altering management in patients with hyperparathyroidism [33, 34] . It should be noted, however, that the large number and very small size of stones often present in patients with medullary nephrocalcinosis might sometimes cause them to be unnoticed or misattributed to vascular enhancement on contrastenhanced CT, due to the seemingly homogenous and symmetric appearance of the kidney.
In cases where stone disease is the primary consideration, avoidance of the potential nephrotoxic effects of intravenous contrast is another reason that noncontrast scanning may be favored. However, recently reported studies which included control subjects have shown that currently used intravenous contrast has limited if any risk for nephrotoxicity in most patients [35] [36] [37] [38] . As such, patients with good renal function should not be denied intravenous contrast in cases when it may benefit their diagnostic workup. While a recent study has shown that intravenous contrast administration for CT does entail a higher radiation dose to some organs [39] , the decreased likelihood of requiring a repeat examination with intravenous contrast should far outweigh that consideration. Measures of association could not be computed, as at least one variable upon which measures of association are computed is a constant Table 3 . Sensitivity of each reviewer for renal stones (%) Our study had several limitations. First, the focus of this study was limited to non-obstructing stones within the renal collecting system and did not include stones obstructing the ureter, which are usually of greater concern in the emergency setting. Even small ureteral stones are certainly more problematic than renal stones and are likely to present with acute symptoms. Although intravenous contrast should theoretically facilitate detection of obstructing ureteral stones [10, 11] , data to prove that such stones can indeed be detected on contrast-enhanced CT would be useful to reassure clinicians that intravenous contrast will not hinder diagnosis of obstructive ureteral stone disease. Still, as stated above, we chose to focus our investigation on renal stones which abut enhancing renal parenchyma and could hypothetically go undetected. Our data demonstrates that for most stones, particularly above 3-4 mm in diameter, this is actually not a concern.
A limitation of our study design is that only a single reviewer served to establish the presence and location of stones on the noncontrast series of images for each examination. In designing the study, we felt that the detection of stones within the kidney on noncontrast images was a fairly straightforward task with a binary answer that would not require corroboration by multiple reviewers.
Another limitation inherent to our study design relates to the fact that the three reviewers were all aware of the purpose of this study and were presumably meticulous in inspecting the images for stones, possibly identifying some which they may not have otherwise seen in a routine clinical review. Still, the study included 12 completely negative cases (i.e., no stones bilaterally) and overall 80 of 194 kidneys without stones, which we hoped would diminish the bias to ''overcall'' stones and more closely mimic normal reading conditions. Also, despite this limitation, our results do demonstrate that it is possible to detect renal stones on a contrast-enhanced examination if one reviews the images thoroughly, as one certainly should in a clinical scenario of urinary tractrelated symptoms, or when there is no other identifiable cause of abdominal pain.
While all the reviewers were fellowship trained in abdominal imaging, most radiologists who interpret abdominal CTs on a regular basis, such as on-call in the ED, are likely to have comparable competency in detecting renal stones. Likewise, while all of our CTs were performed using a 64-slice GE VCT scanner, most modern CT scanners which can generate 2.5-mm-thick images should provide data of comparable quality for the purposes of renal stone detection.
A potential limitation in the generalizability of our results relates to variability in the precise phase of imaging. All the cases selected for this series included imaging in the portal venous phase of imaging, usually corresponding to the late corticomedullary or early nephrographic phase of renal enhancement. Some cases may have had a slightly earlier phase of renal arterial enhancement (possibly increasing sensitivity for stones) or a slightly later nephrographic phase. We believe that this minor variability, which is related to technique as well as patient cardiac and renal function, likely reflects the expected variation at most centers. However, the use of a test injection or a technical error resulting in excretory phase imaging would certainly severely limit sensitivity for renal stones, and such cases were not evaluated in our study.
In conclusion, this study demonstrates that contrastenhanced CT is highly sensitive in the detection of renal calyceal and pelvic stones measuring at least 3 mm in diameter, though somewhat less so for smaller stones. Consequently, when there are reasonable diagnostic considerations aside from urinary tract stone disease, our results would support the use of intravenous contrast, as it would aid in the diagnosis of other conditions while not compromising evaluation for renal stones 3 mm in diameter and larger. Considering the current increased focus on limiting medical radiation, and new data suggesting a lower than previously believed risk profile of modern contrast agents [35] [36] [37] [38] , such an approach of utilizing a single contrast-enhanced study to evaluate for all forms of abdominal disease would seem prudent and warrants validation with a prospective study.
